Ramachandran S, Krishnamurthy S, Jacobi AM, WohlfordLenane C, Behlke MA, Davidson BL, McCray PB, Jr. Efficient delivery of RNA interference oligonucleotides to polarized airway epithelia in vitro. Am J Physiol Lung Cell Mol Physiol 305: L23-L32, 2013. First published April 26, 2013 doi:10.1152/ajplung.00426.2012.-Polarized and pseudostratified primary airway epithelia present barriers that significantly reduce their transfection efficiency and the efficacy of RNA interference oligonucleotides. This creates an impediment in studies of the airway epithelium, diminishing the utility of loss-of-function as a research tool. Here we outline methods to introduce RNAi oligonucleotides into primary human and porcine airway epithelia grown at an air-liquid interface and difficult-totransfect transformed epithelial cell lines grown on plastic. At the time of plating, we reverse transfect small-interfering RNA (siRNA), Dicer-substrate siRNA, or microRNA oligonucleotides into cells by use of lipid or peptide transfection reagents. Using this approach we achieve significant knockdown in vitro of hypoxanthine-guanine phosphoribosyltransferase, IL-8, and CFTR expression at the mRNA and protein levels in 1-3 days. We also attain significant reduction of secreted IL-8 in polarized primary pig airway epithelia 3 days posttransfection and inhibition of CFTR-mediated Cl Ϫ conductance in polarized air-liquid interface cultures of human airway epithelia 2 wk posttransfection. These results highlight an efficient means to deliver RNA interference reagents to airway epithelial cells and achieve significant knockdown of target gene expression and function. The ability to reliably conduct loss-of-function assays in polarized primary airway epithelia offers benefits to research in studies of epithelial cell homeostasis, candidate gene function, gene-based therapeutics, microRNA biology, and targeting the replication of respiratory viruses. primary airway epithelium; transfection; gene silencing; RNA interference; siRNA; air-liquid interface; porcine airway epithelial cells SMALL INTERFERING RNAs (siRNA) mediate posttranscriptional inhibition of targeted genes, offering a novel approach to achieve specific silencing in the airway epithelium. These approaches have broad applications for studies of cell biology, disease pathogenesis, and therapeutics. Primary cultures of airway epithelia have emerged as a powerful model to study epithelial cell biology and the impact of diseases on tissue function (18, 22, 39) . Cells grown at the air-liquid interface (ALI) form a polarized, pseudostratified columnar epithelium that closely resembles the morphology of the in vivo surface epithelium of the conducting airways (2, 18, 24, 33, 63, 64) , providing an opportunity to study cell biology, disease pathogenesis, and treatments (66).
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Histological studies have shown that ALI cultures of primary airways grown for 4 wk or more form a well-differentiated epithelium resembling the in vivo architecture (12, 56) . However, another study has observed that airway epithelia differentiated and formed an apical surface covered by cilia within 10 days after seeding (66) . Karp and coworkers (32) demonstrated that ALI cultures of primary airway epithelia develop transepithelial electrical resistance within 3 days after seeding and changed little over the next 11 days, indicating that the development of tight junctions and a barrier function occur before the development of a fully differentiated ciliated phenotype. Furthermore, they report that, at 14 days postseeding, 90% of the cells expressed markers that are produced only by mature columnar epithelia (32, 66) . This suggests that a polarized phenotype with a clear distinction of apical and basolateral domains develops by 1 wk postseeding, before complete differentiation of the epithelium occurs. Culture methods and seeding/maintenance media compositions vary between laboratories, possibly accounting for contrasting reports on differentiation times. The culture methods used herein (32, 66) result in a differentiation time line as described in Fig. 1A . Primary airway epithelial cells cultured by these methods (32, 66) yield a ciliated, polarized, pseudostratified epithelium 14 days postseeding (No Treatment, Fig. 1B ). These cultures are similar in morphology and bioelectric properties to 28-day ALI cultures (51) . When transfected by methods described in this study, either with single-(NC ssRNA) or double-stranded (NC dsRNA, CFTR DsiRNA) oligonucleotides, ALI cultures of primary airway epithelia form a polarized, pseudostratified epithelium by 14 days postseeding (Fig. 1B) . These cells are also morphologically similar to cells transfected with similar reagents at the time of seeding and maintained in ALI culture for 28 days (51) .
Through gain and loss of function experiments, investigators have the opportunity to investigate the role of specific gene products in biological processes. However, the pseudostratified epithelium presents significant barriers to the delivery of nucleic acid based reagents such as plasmids (17, 65) , doublestranded oligonucleotides (9, 23, 36, 50) , and single-stranded oligonucleotides (9, 23) . It is evident that physical barriers, airway secretions, and host defense mechanisms (9, 17, 23, 49, 62) significantly hinder the delivery and efficacy of the siRNA reagents. The mucosal surface of the airways and the alveoli elicits immunogenic responses to RNA interference (RNAi) oligonucleotides that confound results (13, 31, 35, 45, 54) , and some animal studies attempting to deliver siRNAs to the respiratory tract have reported little efficacy (23) .
In a previous study, we reported that primary pig and human airway epithelia grown at the ALI develop barriers for the entry of dicer-substrate siRNA (DsiRNA) into cells by 5 days post-seeding, thus prevent silencing of cellular targets (36) . This presents a significant impediment to the use of polarized, pseudostratified primary airway epithelia as a model system. Although viral vectors offer one approach to overcome such limitations, we focus here on synthetic nucleic acid delivery. In some experimental settings delivery of oligonucleotide reagents is desirable, straightforward (RNAi reagents are introduced directly into the cytoplasm) and may avoid cellular responses to virus components.
Here we outline an efficient and readily applied technique to deliver oligonucleotide reagents to primary epithelia to achieve loss of gene function that persists into polarized, pseudostratified epithelia. This simple approach uses a technique termed reverse transfection, in which the reagent complexes are added to cells at the time of seeding. This method has wide applications for in vitro studies of epithelial cell function in cells from humans and animal models.
MATERIALS AND METHODS

Introduction of RNAi oligonucleotides into airway epithelial cells
to mediate potent gene specific silencing. The following protocol, briefly summarized in Fig. 2 , was developed to transfect doublestranded oligonucleotides (siRNAs, DsiRNA, microRNA mimics), and single-stranded oligonucleotides (anti-microRNAs, antisense oligonucleotides) into human and pig primary airway epithelial cells. The protocol utilizes reverse transfection. In contrast to standard transfection, in which transfection complexes are added to preplated cells, reverse transfection is performed by adding the cells and the transfection complexes into the wells essentially at the same time. We have successfully used this protocol in difficult-to-transfect cell lines including CFBE41o
Ϫ cells (37, 53) , Calu-3 cells (51, 53) , and T84 cells. Although not formally tested, we expect this approach to be applicable also to mouse epithelial cells and other difficult-to-transfect primary cells and cell lines. Two popular sizes of permeable supports for growing epithelial cells at the ALI have surface areas of 0.33 and 0.6 cm 2 . Owing to their size differences, we present two methods (methods 1 and 2, Fig. 2 ) that have been standardized by us to account for increased cell density and transfection volume. We also present methods (Fig. 2 ) validated for two separate transfection reagents (methods 1 and 2: Lipofectamine RNAiMAX; method 3: Transductin) (16), providing investigators with several options to adapt this protocol to their cell types of interest.
Before transfection, we prepare the precoated inserts by adding 100 l of collagen (human placental collagen Type VI, Sigma-Aldrich) to the apical surface of Transwell permeable supports (0.33-cm 2 0.4-m polyester membrane, Costar product no. 3470, Corning, Corning, NY). For larger Millicell cell culture inserts (0.6-cm 2 , 3.0 m polycarbonate, Millipore polycarbonate filters, Millipore, Bedford, MA), we add 250 l of collagen (human placental collagen Type VI, Sigma-Aldrich) to the apical surface (33) . We then incubate the cultures for a minimum of 4 h at 37°C or store at room temperature until needed. Transfections can also be performed in the wells of 96-and 48-well plates with or without collagen coating. Collagen coating is not necessary for harvesting RNA or protein posttransfection. To prepare for transfection, cells growing on plastic are dissociated with 0.25% trypsin (Life Technologies) and washed with transfection 2 inserts or wells in a 48-well plate, wash cells twice with serum-free MEM (Sigma-Aldrich) and resuspend at a density of 300,000 cells per 96 l of serum-free MEM. To prepare inserts or wells in 96-or 48-well plates for transfection, aspirate collagen solution using a glass pipette and rinse each insert and/or well thoroughly using sterile PBS(Ϫ/Ϫ) (Life Technologies).
When preparing reagents for transfection, care is taken to either dispense the reagents individually into each insert/well or to use a polypropylene tube to make a master mix. The use of polypropylene tubes minimizes the loss of oligonucleotides from adherence to the walls of tubes.
Method 1: For the 0.33-cm 2 inserts or wells in a 96-well plate, dilute the oligonucleotide (siRNA duplex, DsiRNA, microRNA) in 50 l of Opti-MEM. The solution is gently mixed and set aside for 2-3 min. Optimize the oligonucleotide concentration by performing doseresponse studies. To the above mix, add 1.0 l of Lipofectamine RNAiMAX. Mix the resultant solution gently, dispense into insert/ well, and set aside for 10 -15 min. Next add 150,000 cells in 150 l of transfection media and incubate for 6 h at 37°C in a 5% CO 2 incubator. Method 2: For the 0.6-cm 2 inserts or wells in a 48-well plate, dilute the oligonucleotide (siRNA duplex, DsiRNA, miRNA) in 25 l of Opti-MEM. Optimize the oligonucleotide concentration by performing dose-response studies. Similarly, dilute 3 l of Lipofectamine RNAiMAX in a separate tube in 25 l of Opti-MEM. Next mix the contents of the two tubes and centrifuge briefly and allow to stand at room temperature for 20 min. Next add 50 l of the oligonucleotide-RNAiMAX mixture to a single insert or well of the 48-well plate. Then add 300,000 cells suspended in 100 l of Opti-MEM, and incubate for 24 h at 37°C in a 5% CO 2 incubator. Method 3: The protocol provided is for 0.6-cm 2 inserts or wells in a 48-well plate. Prepare and dilute the oligonucleotides and Transductin solutions on ice. Prepare a master mix in a polypropylene tube. Then dilute 4.5 M of Transductin and oligonucleotide in PBS(Ϫ/Ϫ) in a total volume of 24 l, vortex and centrifuge briefly, and incubate on ice for 30 min. Optimize the oligonucleotide concentration by performing dose-response studies. Then add 300,000 cells in 96 l serum-free MEM to the oligonucleotide-Transductin mixture. Finally, add 120 l of this mixture to the apical surface of the insert or the well, and incubate for 24 h at 37°C in a 5% CO 2 incubator.
Posttransfection, the cells may be treated differently, depending on the purpose of the experiment. All transfection media are aspirated from the apical surface of the insert and 500 l of maintenance media added to the basolateral side of the insert. Care is taken not to disturb the cells when removing media. For cells seeded on plastic or cells on inserts, transfection media are next replaced with complete media specific to the cell types. Cells growing on inserts formed tight junctions within 24 -48 h, and the apical surface becomes dry within 2-3 days postseeding. If cultures prepared with primary airway epithelial cells or cell lines are to be maintained for long periods, the maintenance medium is replaced on the basolateral side every 5-6 days. Primary airway epithelial cells can be assayed in Ussing chamber studies at 14 days postseeding. We routinely isolate RNA from cells 24 h posttransfection, and protein for ELISA and immunoblots 72 h posttransfection.
RNA isolation. Total RNA from primary airway epithelial cells (human and pig), Calu-3 cells, T84 cells, and PK1 cells was isolated by use of the mirVana miRNA isolation kit, TRIzol Reagent (Life Technologies, Carlsbad, CA) (52), or the SV96 Total RNA Isolation System (Promega, Madison, WI), according to the manufacturer's protocol. Total RNA was tested for quality on an Agilent model 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). Only samples with an RNA integrity number over 7.0 were selected for downstream processing.
Primary human and pig airway epithelia. Airway epithelia from human and pig trachea and primary bronchus removed from organs Utroser G (Biosepra SA, Cedex, France), 100 U/ml pencillin, and 100 g/ml streptomycin. Cell lines. Calu-3 cells (derived from human bronchial submucosal glands) (26) and T84 cells (derived from human colonic adenocarcinoma cell line) (14, 42) are well-characterized epithelial cell lines that form adherent epithelial sheets and are extensively used to study electrolyte transport and its regulation by hormones and neurotransmitters. PK1 cells are an adherent epithelial cell line derived from the kidney of a normal, healthy male pig (46 Oligonucleotide reagents. The DsiRNAs were designed (34, 55), synthesized, and validated (4, 10) by Integrated DNA Technologies (Coralville, IA). All accompanying control sequences (Scr) were also generated by Integrated DNA Technologies.
SS ϭ Sense strand, AS ϭ Antisense strand. All DNA bases are in bold. hsCFTR DsiRNA: SS-5= pGGAAGAAUUCUAUUCUCAA-UCCAAT, AS-3= UUCCUUCUUAAGAUAAGAGUUAGGUUA; ssHPRT DsiRNA against pig HPRT: SS-5= pCCAGUAAAGUUAU-CACAUGUUCUAG, AS-3= GUGGUCAUUUCAAUAGUGUACAA-GAUC; hsHPRT DsiRNA against human HPRT: SS-5= pGCCA-GACUUUGUUGGAUUUGAAATT, AS-3= UUCGGUCUGAAA-CAACCUAAACUUUAA; ssIL8 1098 DsiRNA: SS-5= pGGCAA-AUUGUUAAACGAACAGAAUTA, AS-3= AACCGUUUAACAAU-UUGCUUGUCUUAU; ssIL8 1466 DsiRNA: SS 5= pUGAGUGUAAC-UAUAGAACAUUUACA, AS-3= ACACUCACAUUGAUAUCUU-GUAAAUGU; Scr (Negative control for DsiRNAs): SS-5= pCGUUAAUCGCGUAUAAUACGCGUAT, AS-3= CAGCAAU-UAGCGCAUAUUAUGCGCAUA.
RNAi reagents. Lipofectamine RNAiMAX was purchased from Invitrogen (Life Technologies). Transductin (Integrated DNA Technologies) is a peptide-based transduction delivery method for siRNAs, developed by Dr. Steven Dowdy (16) . It consists of a small fusion protein comprised of multiple peptide transduction domains connected to a double-stranded RNA binding domain (PTD-DRBD). The fusion protein can be purified from bacteria expressing PTD-DRBD from a modified pTAT vector (available from Dr. Dowdy's laboratory). The detailed protocol for purification of the protein is available (16) .
Quantitative RT-PCR. Total RNA (250 ng) was reverse transcribed using oligo(dT) (Roche Biochemicals, Indianapolis, IN) and random hexamers (Life Technologies) and Superscript II (Life Technologies) according to manufacturer's instructions. One-fifteenth of the cDNA was then amplified and analyzed by TaqMan assay in the 7900HT Real-Time PCR system (Applied Biosystems, Foster City, CA) by using synthesized primer-probe pairs (Integrated DNA Technologies) and Immolase DNA polymerase (Bioline, Taunton, MA). The reaction mix was contained in a total volume of 10 l and the reaction condition was an initial cycle of 95°C for 10 min, then 40 cycles of 95°C for 15 s and 60°C for 1 min. All data were normalized to the internal standard, RPL4 mRNA for pig airway samples and SFRS9 mRNA for human airway samples. Absolute quantification of a mRNA target sequence within an unknown sample was determined by reference to a standard curve. All results of the samples were presented as remaining target mRNA level compared with the mRNA level in control samples (scrambled control, Scr), which was normalized to 100%. All experiments were performed in quadruplicate. Quantitative PCR assays used: CFTR: Forward CAACATCTAGT- Electrophysiology studies. Transepithelial Cl Ϫ current measurements were made in Ussing chambers at ϳ2 wk postseeding (30) . Briefly, primary cultures were mounted in a modified Ussing chamber (Physiologic Instruments chambers). Transepithelial Cl Ϫ current was measured under short-circuit conditions. Cultures were incubated overnight with 10 M forskolin and 100 M 3-isobutyl-1-methylxanthine (IBMX). After measuring baseline current, the transepithelial current response to sequential apical addition of 100 M amiloride (Amil), 100 M 4,4=-diisothiocyanoto-stilbene-2,2=-disulfonic acid (DIDS), 4. . Protein abundance was quantified by densitometry using an AlphaInnotechFluorochem Imager (AlphaInnotech, Randburg, South Africa). For CFTR, bands B and C were quantified separately. All band densities were normalized to ␣-tubulin.
IL-8 protein abundance. Porcine IL-8 protein abundance was measured 72 h after reverse transfection of pig airway epithelial cells with IL-8 DsiRNA. Basolateral media in the control and sample wells were replaced 24 h and 48 h posttransfection with serum-free DMEM/ F12 media. Porcine IL-8 was measured in basolateral media using the standard sandwich ELISA (porcine CXCL8/IL-8 DouSet, catalog no. DY535, R&D Systems, Minneapolis, MN) according to the manufacturer's protocol. A 96-well plate was coated with 2 g/ml mouse anti-porcine IL-8 capture antibody, sealed, and allowed to incubate overnight at room temperature. The plate was then aspirated, washed with a wash buffer (0.05% Tween 20 in PBS, pH 7.4) and then blocked with 1% BSA for 2 h. The plate was washed again and porcine IL-8 standards (0 -8,000 pg/ml) and samples were added to the plate in duplicate. The plate was incubated for 2 h at room temperature. Following incubation, the plate was washed three times in wash buffer and a biotinylated goat anti-porcine IL-8 detection antibody was added at a concentration of 70 ng/ml and incubated for 1 h at room temperature. Following the incubation in the detection antibody, the signal was increased with the addition of avidinhorseradish peroxidase. A substrate solution containing chromagen tetramethylbenzidine was added for signal development. Reaction was stopped with the addition of 2 N H2SO4. The optical density was determined by reading the plate on a microplate reader (Molecular Devices, Sunnyvale, CA) set to 450 nm. A standard curve was generated by using a four-parameter logistic curve fit and sample IL-8 concentrations were extrapolated from this curve.
Flow cytometry. Four hours posttransfection, primary human and pig airway epithelia were suspended in 300 l of Accumax (Millipore), achieving a cell density of ϳ50,000 cells/100 l. Cells were pipetted repeatedly to ensure single cell suspension. We used flow cytometry to determine the percentage of transfected cells. Samples were read on a Becton Dickinson LSR II (BD Biosciences, San Jose, CA). The live cell population was selected following gating with propidium iodide. Positively transfected live cells were gated using control cells and cells transfected with Cy3-tagged RNAi following excitation via exposure to a 561-nm laser. Data were analyzed using FlowJo software. The control treatments received the Cy3-tagged RNAi reagents in the absence of transfection reagents (RNAiMAX, Transductin).
Immunohistochemistry. Epithelial sheets on filters were fixed with 2% paraformaldehyde, washed with 1ϫ PBS, and permeabilized in SuperBlock Blocking Buffer (Thermo Scientific) containing 0.2% Triton X-100. Cells were then blocked in SuperBlock and incubated in mouse anti-zonula occludens-1 antibody (1:100 dilution, Life Technologies) overnight at 4°C. Cells were washed in 1ϫ PBS, incubated with goat anti-mouse Alexa 488, washed again, and counterstained with anti-␤-tubulin Cy3 (cilia; Sigma) and ToPro3 (nuclear stain; Life Technologies). Immunostaining was visualized by confocal microscopy (Bio-Rad Multi-Photon Confocal).
Histochemistry. Epithelial sheets on filters were fixed with Zn formalin, embedded in paraffin, sectioned at 5-m thickness, and stained with hematoxylin (Leica Biosystems) and eosin (Sigma) stain. Sections were visualized by light microscopy.
Statistical analysis. Data are presented as a means Ϯ standard error of individual data points and median. Statistical significance between groups was determined by Student's t-test and the Wilcoxon signedrank test. A P value Ͻ0.05 was considered significant. verse transfection, we achieved greater than 80% transfection efficiency in human airway epithelia with RNAiMAX and Transductin (Fig. 3A) . Similar levels of transfection efficiency were achieved in pig airway epithelia (Fig. 3A) .
RESULTS
Transfection efficiency in primary human
Silencing of HPRT in primary airway epithelia, Calu-3 cells, T84 cells, and PK1 cells.
Hypoxanthine-guanine phosphoribosyltransferase (HPRT), a ubiquitously expressed transcript, plays a central role in generating purine nucleotides through the purine salvage pathway (57) . Owing to its ubiquitous expression and average expression levels, HPRT is a good control mRNA against which silencing efficiency can be examined at 24 -48 h posttransfection. Calu-3 and T84 cells were reverse transfected in a 96-well plate with HPRT DsiRNAs complexed with Lipofectamine RNAiMAX. We observed a dose-dependent knockdown of HPRT mRNA levels in response to increasing concentrations of the DsiRNA (Fig. 3B) . Primary airway epithelia harvested from human and pig airways were reverse transfected on 0.6-cm 2 semipermeable membrane filters, and PK1 cells were reverse transfected in the wells of a 48-well plate. Primary human and pig airway epithelia exhibited greater than 60% knockdown of HPRT mRNA levels at 24 h posttransfection (Fig. 3C ). PK1 cells showed greater than 95% knockdown of HPRT mRNA levels (Fig. 3C) .
Silencing of IL-8 in pig primary airway epithelia. IL-8 is an important proinflammatory cytokine in many lung diseases (25) and tracks with cystic fibrosis lung disease severity (6, 7, 28) . Thus reducing IL-8 levels might reduce neutrophilic inflammation. IL-8 has been a target for gene silencing in previous studies (15, 58) , but it is difficult to introduce RNAi oligonucleotides into polarized, pseudostratified airway epithelial cells (36) . This creates a hurdle when gene function is studied several days posttransfection. Primary pig airway epithelia were reverse transfected on 0.6-cm 2 semipermeable membrane filters, and PK1 cells were reverse transfected in wells of a 48-well plate with two separate DsiRNAs against IL-8 (termed 1098 or 1466), complexed either with RNAiMAX or Transductin. Significant reduction in IL-8 mRNA abundance was observed with both DsiRNAs in both cell types (Fig. 4A) . To test whether IL-8 knockdown reduced IL-8 secretion, primary pig airway epithelia were reverse transfected on 0.6-cm 2 semipermeable membrane filters with two separate DsiRNAs against IL-8, complexed with either RNAiMAX or Transductin. A significant drop in IL-8 protein secretion was observed 72 h posttransfection with both DsiRNAs (Fig. 4B) .
Silencing of CFTR in human primary airway epithelia and Calu-3 cells. Targeting CFTR for silencing in primary human airway epithelia and Calu-3 cells allowed us to test the utility of this method in studying long-term knockdown. We measured the effects of DsiRNAs on endogenous CFTR levels in human primary airway epithelial cells that express CFTR at very low levels (60) and Calu-3 epithelial cells that express CFTR abundantly (26) . We note that, in contrast to expression of recombinant CFTR, endogenous CFTR expression in Calu-3 cells and in primary airway epithelia produces primarily the band C form of the protein and little band B (48, 61) . Primary airway epithelia or Calu-3 cells were reverse transfected in wells of a 96-well plate with DsiRNAs complexed with RNAiMAX. This caused a significant dose-dependent decrease in CFTR mRNA and protein levels in both airway epithelial cells (Fig. 5, A and B) and Calu-3 cells (Fig. 5, C and D) . Since CFTR creates an anion permeability, its function can be assayed by measuring transepithelial electrical conductance in polarized airway epithelial cells and Calu-3 cells. Calu-3 cells grown at the ALI form a polarized epithelium with stable transepithelial resistance measurements within 14 days postseeding (21) . Since ALI cultures of primary airway epithelia are also polarized and pseudostratified within 14 days (66) was observed in both polarized primary airway epithelial cells (Fig. 6, A-C) , and polarized Calu-3 cells (Fig. 6, D-F) .
DISCUSSION
The manipulation of gene expression in primary airway epithelia provides a powerful tool to investigate gene function and to experimentally perturb a model epithelium.
The use of RNAi to modify gene expression in ALI cultures provides researchers the opportunity to study the function of candidate genes in disease pathogenesis, to develop reagents to inhibit replication or shedding of respiratory viruses (1, 5, 13, 20, 41, 59) , and to investigate novel gene targets for therapeutic rescue of protein maturation in diseases like cystic fibrosis (⌬F508-CFTR) (29, 43, 47, 53) . Although there has been much progress in siRNA design to avoid immunogenicity, toxicity, and off-target effects (4, 8, 11, 17, 19, 23, 36, 50, 62) , the use of loss of function through RNAi has been limited in polarized, pseudostratified ALI epithelial cultures because of inefficiencies in delivery and the presence of barriers for entry of RNAi reagents (4, 8, 11, 17, 19, 23, 36, 50, 62) . To overcome this limitation we developed and applied a simple approach that exploits the susceptibility of cells to transfection at the time of plating. Through this method we achieved efficient gene silencing in polarized, pseudostratified epithelia and in cell lines.
We previously reported that polarized, pseudostratified primary epithelia derived from human or porcine trachea and bronchi could not be accessed for efficient RNAi by using oligonucleotides (36, 53) . Others have noted similar inefficiencies in the delivery of oligonucleotides to well-differentiated epithelia in vitro and in vivo (23, 44, 50) . Our previous work indicates that the process of differentiation associated with the formation of a polarized, pseudostratified epithelium results in a highly resistant epithelial barrier within 5-6 days of plating; this prevents the entry of oligonucleotides regardless of how they are formulated (36, 53) .
The method of oligonucleotide delivery described here provides a means to ask experimental questions in a relevant model system. The knockdown of HPRT, IL-8, and CFTR expression and function in polarized cultures of primary human and pig airway epithelial cells both highlights the utility of the method to achieve targeted gene knockdown in pseudostratified epithelia and emphasizes the ease with which loss-offunction studies can be carried out to address broader questions dependent on protein function of the targeted gene. Of note, the extent of target mRNA knockdown is inversely proportional to target abundance and turnover (3) , and the rate of oligonucleotide digestion by nucleases (38) . Target knockdown is also influenced by the oligonucleotide sequence, concentration, chemical modifications, and rate of cell division. In our studies we transfected cells at maximal seeding density (maximum number of cells capable of forming a confluent sheet in the surface area transfected) to ensure minimal loss of RNAi reagents due to cell division. We tested a panel of 10 DsiRNAs against each gene before selecting the sequence that gave the highest knockdown with low off-target silencing. We also focused on DsiRNAs because they have been shown to evoke potent RNAi (10, 34) . Furthermore, the use of chemically modified oligonucleotides confers nuclease resistance and increases specificity (4, 10, 19, 27, 40) , two factors critical to achieving long-term (at least 2-3 wk duration) knockdown of target genes observed in our studies. We encourage readers to consider these aspects of oligonucleotide design and target mRNA properties when assessing knockdown. Finally, we also validated the utility of this protocol to deliver microRNA mimics and anti-microRNAs (51, 53) . We demonstrated this strategy to be effective in primary human and porcine airway epithelial cells, Calu-3 cells, T84 cells, and CFBE cells, both here and in a previously published work (51, 53) . Furthermore, we observed persistent knockdown of SIN3A and CFTR mRNA and protein expression 14 days posttransfection (53) . This knockdown correlated with changes in CFTR-mediated Cl Ϫ conductance 2 wk posttransfection in polarized ALI cultures (53) . This method does not adversely affect cell viability. Measurement of lactate dehydrogenase release by polarized Calu-3 cells 4, 8, 12, and 16 days posttransfection showed no significant difference between untreated and DsiRNA transfected cells (53) . We note that transfection of primary cells with single-or doublestranded oligonucleotides did not appreciably change the morphology of epithelia studied 2 wk later (Fig. 1B) and 4 wk later (51) . This finding, coupled with the knowledge that the bioelectric properties of polarized primary epithelia and Calu-3 cells remained intact 2 wk and 4 wk posttransfection (51, 53) , suggests that this method is well tolerated and nontoxic.
In conclusion, this method provides a novel avenue for researchers to circumvent the barrier properties of polarized, pseudostratified primary airway epithelia. By transfecting poorly differentiated cells, investigators can conduct experiments and address questions that apply to polarized, pseudostratified cells, while maintaining knockdown of targeted genes. Although research is underway to understand the barrier properties of welldifferentiated airway epithelia and exploit that knowledge to develop successful strategies for gene silencing (36) , the approach here outlined provides a practical solution for performing loss-offunction studies in polarized, pseudostratified epithelia. 
